Built-in and induced polarization across LaAlOa/SrTiOs heterojunctions 
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Ionic crystals terminated at oppositely charged polar surfaces are inlierently unstable and ex- 
pected to undergo surface reconstructions to maintain electrostatic stability. Essentially, an electric 
field that arises between oppositely charged atomic planes gives rise to a built-in potential that 
diverges with thickness. In ultra thin film form however the polar crystals are expected to remain 
stable without necessitating surface reconstructions, yet the built-in potential has eluded obser- 
vation. Here we present evidence of a built-in potential across polar LaAlOs thin films grown on 
SrTiOg substrates, a system well known for the electron gas that forms at the interface. By perform- 
ing electron tunneling measurements between the electron gas and a metallic gate on LaAlOa we 
measure a built-in electric field across LaAlOs of 93 meV/A. Additionally, capacitance measure- 
ments reveal the presence of an induced dipole moment near the interface in SrTiOs, illuminating a 
unique property of SrTiOg substrates. We forsee use of the ionic built-in potential as an additional 
tuning parameter in both existing and novel device architectures, especially as atomic control of 
oxide interfaces gains widespread momentum. 
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The creation of oxide thin films with polar surfaces has 
only recently become possible with the advent of termina- 
tion control on SrTiOs (001) substrates jii^ LaAlOa thin 
films grown on singly terminated SrTiOa surfaces com- 
prise negatively charged AIO2 and positively charged 
LaO end planes and are expected to be polar in the 
ionic limiti^"— When at least four unit cells (u.c.) of 
LaAlOa are deposited on Ti02 terminated SrTiOa, an 
electron gas forms near the interface in SrTiOai^"— It is 
often hypothesized that at the critical thickness of four 
u.c. the potential across LaAlOs exceeds the band gap 
of SrTiOa and electrons tunnel from the valence band of 
LaAlOa to the SrTiOa potential well, completely dimin- 
ishing the potential across LaAlOs^ Thus within this pic- 
ture, in the presence of an electron gas no field would be 
expected across the LaAlOa. However, if all the charge 
carriers do not lie precisely at the interface or have an 
extrinsic (oxygen vacancies^^ or cation dopingii) origin, 
the LaAlOa potential will not be fully screened and can 
thus be probedii^ The precise band alignment between 
the LaAlOa and SrTiOs will also determine the strength 
of the residual fields in the LaAlOsJ^ Addressing this is- 
sue and determining the existence of an uncompensated 
built-in potential in LaAlOa (or polar ionic insulators in 
general) is central to understanding surface reconstruc- 
tion phenomenon in thin films i^^d^ 

We probe the potential landscape across the 
LaAlOs and the interface region in SrTiOa by employ- 
ing a typical metal-insulator-metal capacitor geometry 
such that the LaAlOs thin films form the dielectric layer 



sandwiched between evaporated metallic electrodes and 
the electron gas, as depicted in Fig. la and described in 
Methods. A bias voltage is applied to the top metallic 
electrode while the electron gas is held at ground. 

A typical current-voltage {JV) curve measured be- 
tween a Ft top electrode and the electron gas for an 
LaAlOs thickness, dLAOi of 20 u.c. is shown in Fig. lb 
and overlayed with theoretical curves, as labeled. Simi- 
lar rectifying JV curves were measured for nine different 
LaAlOs films with c^lao ranging from 5 to 40 u.c. Junc- 
tions thinner than dLAO = 20 u.c. are well described by 
direct tunneling between the metal electrode and electron 
gas for both positive {-\-V) and negative {—V) applied 
biases, as described in detail in Supplementary Section I 
(SSI). Figure lb shows excellent agreement to the theo- 
retically calculated curve (black) for direct tunneling for 
+V . For samples with dLAO ^ 20 u.c. however, an ad- 
ditional contribution from Zener tunneling for negative 
applied bias must be included, as shown in Fib. lb. 

The inset in Fig. Ic shows a sampling of the JV curves 
for various dLAO with emphasis on the negative bias re- 
gion at 100 K. It is clear that for a given voltage the 
current docs not decrease monotonically with dLAO ■ The 
main panel of Fig. Ic shows J as a function of dLAO (open 
circles) at V = -0.1 V for all samples, revealing a clear 
peak at 20 u.c. (7.56 nm). The same trend is observed at 
all temperatures at negative bias. The dark blue curve 
in Fig. Ic shows calculated values for J vs. dLAO within 
the direct tunnehng model (see SSI), which also agrees 
well with the data for thicknesses below 20 u.c. 



The sudden increase of tunneling current at ^lao = 
20 u.c. seen in Fig. Ic can be understood by considering 
the polar nature of LaAlOs. We recall that in the pres- 
ence of a large enough electric field, Zener breakdown 
occurs in insulators and electrons tunnel from the va- 
lence to conduction band.— For materials with a built-in 
polar field, the internal potential grows with increasing 
thickness until it equals the bandgap at a critical thick- 
ness, (F"^ ., giving rise to a significant increase in tunneling 
current^ For LaAlOa thin films deposited on Ti02 ter- 
minated SrTiOs, in the absence of complete screening an 
ionic built-in potential normal to the interface, pointing 
away from the SrTiOs is expectedi^i^ Neglecting effects 
of the Pt electrode. Figs. 2a and 2b illustrate zero bias 
band diagrams (black outline) where the band bending in 
LaAlOs reflects the unscreened potentialj^iHiii In green, 
we also sketch the cases for positive {+V , Fig. 2a) and 
negative {—V, Fig. 2b) applied bias. When a metal film 
is brought into contact with LaAlOa the built-in poten- 
tial may be further modified depending on the precise 
band alignments which are difficult to accurately predict 
in the presence of electronic reconstruction J^ 

The band diagram shown in Fig. 2a refiects the tun- 
neling of electrons from the SrTiOs to the Pt electrode 
(not shown for simplicity). At large enough bias, elec- 
trons tunnel to the empty LaAlOs conduction band 
(Fowler-Nordheim tunnelingi^) for applied bias V, when 
qV > qVbi + AEc, where Vbi is the net built-in poten- 
tial across LaAlOa including contributions from both the 
ionic built-in potential and contributions from the metal 
work function. AEc is the conduction band offset be- 
tween the SrTiOa potential well and LaAlOs. 

Figure 2b shows electrons tunneling from the metal 
into the SrTiOs well, as determined from the data 
shown in Fig. lb. Above a critical LaAlOa thick- 
ness, d£AOj '^6 also expect electron tunneling across the 
LaAlOa bandgap, via the valence states for applied bias 
V when: 



qV > Egf^LAo) -qVbi- 



(1) 



Here Eg^^i^Ao) is the bandgap of LaAlOs. Using the di- 
agram in Fig. 2b, the current density of electrons tun- 
neling across the LaAlOa bandgap was calculated within 
the WKB approximationiSiii as shown in SSI, using 
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as the potential barrier height, where e is the total ki- 
netic energy of the tunneling electrons, Ebi the effective 
built-in electric field in LaAlOs, and F = -0.1 V. We ob- 
tain the light blue curve shown in Fig. Ic, which is in 
excellent agreement with the data using the experimen- 
tally measured Egi^^Ao) = 6.5 eV— for LaAlOs grown on 
SrTiOg. 

A distinguishing feature of polar tunnel barriers is the 
low tunnel probability just below d'^^J^ Our measure- 
ments (Fig. 2c) indicate that ^£^^0 lies somewhere be- 
tween 17 u.c. and 20 u.c, or 18.5 ± 1.5 u.c. when using 



Pt electrodes. Thus, using df^o = 18.5, a = 0.378 nm^a 
for the lattice constant of LaAlOs, and Ebidf^p^Qa = qVbi 
= Eg(i^AQ^ = 6.5 eV (from Eq.[T]with gV^ = 0), we obtain 
Ebi ~ 93.0 meV/A as an estimate for the built-in electric 
field across LaAlOs. Ebi reduces to 50.3 mcV if tunnel- 
ing from the LaAlOa valence to the SrTiOa conduction 
band is assumed instead, as discussed in SSI as an al- 
ternate scenario. Alternatively Eu = 80.1 meV/A if the 



bulk value, E, 



■g{LAO) 



5.6 eV is used instead. A thor- 



ough metal work-function dependence is needed to accu- 
rately determine the ionic built-in potential contribution 
to Vbi- We note that band bending in the LaAlOa from 
the metal alone cannot account for the observed thickness 
dependence. Although, wc expect band bending from the 
Pt electrode to modify the measured V^i, it is not clear 
what fraction of the ionic potential is partially screened 
by the electron gas or partially compensated by covalency 
within the LaAlOa-^iH 

It is interesting to note that ^£^0 ~ 18.5 u.c. for 
tunnel-coupling of the two LaAlOs surfaces (in the pres- 
ence of a Pt electrode) is close to the value of 15 u.c. 
(using no metal electrode) above which a drop in the in- 
plane mobility^ and change in the in-plane magnetore- 
sistancG^iiS^ have previously been observed. Any hole gas 
present in the LaAlOs valence band for Jlao ^ '^lao ^'^^^ 
contribute to the measured hall resistance and calculated 
mobility (since contacts made to the SrTiOa gas are con- 
nected through the LaAlOs film), while the cross-over 
from positive to negative magnetoresistance for dLAO ^ 
'^LAO '^^y I'cflect bilayer effects similar to those observed 
in tunnel-coupled quantum wells<^ 

Our data clearly reveal that the electron gas docs not 
fully screen the ionic built-in potential across LaAlOa. 
This suggests a couple of possibilities: (i) the charge car- 
riers do not all lie exactly at the interface and are buried 
one or a few monolayers within the SrTiOa, or (ii) the 
metal electrodes deposited on the LaAlOa modify the 
band alignments and thus the carrier density of the elec- 
tron gas. The latter effect may explain the failure to 
detect a built-in potential using photoemission experi- 
ments conducted in the absence of metal electrodes 
Although the present work cannot distinguish between 
the above scenarios, to the best of our knowledge un- 
compensated built-in electric fields across ionic insula- 
tors with polar terminations have not previously been 
detectedi^ii^ The resulting potential is analogous to the 
built-in potential that arises in semiconductors due to 
free charge separation and the switchable built-in poten- 
tial found in fcrroelectrics, generally resulting from cova- 
lently bonded dipoles. The ionic built-in potential is most 
similar to the potential found in piezoelectric materials 
which also results from covalent bonds and is tuneable. 
However, unlike the piezoelectric/ferroelectric potential, 
the ionic built-in potential is unique in that it results 
from permanent dipoles. 

In addition to revealing a built-in potential across 
LaAlOa, the tunneling data also reveal information about 
the band profile in the SrTiOa potential well region. 
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The SrTiOs interface region can be probed by tuning 
both the charge density and the SrTiOs dielectric per- 
mittivity, XSTO, with temperature and apphed electric 
fieldsJ^i^iiZS jf ^i^g LaAlOg/SrTiOa heterostructure is 
compared to the inversion layer in a lightly doped metal- 
oxide-semiconductor (MOS) capacitor, we can expect 
changes in the charge density of the inversion layer as a 
function of temperature and gate voltagc<^ Changes in 
either of these quantities will be reflected in the barrier 
height, $ for electrons tunneling from the SrTiOs po- 
tential well. 

In order to probe changes in the barrier height, we 
tune XSTO a-nd the charge density using both tempera- 
ture and an applied field across SrTiOs, and measure the 
resulting tunneling curves as shown in Figs. 3a and 3c. In 
agreement with the discussion above, we find that in the 
—V region where electrons are tunneling from the metal 
electrode via the LaAlOs valence band to the SrTiOa po- 
tential well, JV undergoes little change while significant 
changes are observed for electrons tunneling from the 
electron gas in SrTiOa for -\-V . 

Both the backgate and temperature dependence data 
are qualitatively in agreement with the simple barrier 
height change arguments presented above. Fig. 3a shows 
JV curves for the 20 u.c. sample at several temperatures, 
while Fig. 3b shows changes in $ as a function of tem- 
perature as obtained by fitting to the direct tunneling 
model (SSI). As fewer states are occupied in the in- 
terface region with decreasing temperature, the barrier 
height of electrons tunneling from the SrTiOa increases. 
Similarly, Fig. 3c shows JV for the 30 u.c. sample at 
50 K for several back gate fields {E\jg) applied with re- 
spect to the electron gas, as schematically depicted in 
the inset. Fig. 3d shows the corresponding changes in $. 
This is in agreement with previous observations^ where 
negative Ebg compresses the electron gas while also re- 
ducing the charge density. We do not observe significant 
changes in the $ for positive E^g . This is expected as the 
electron gas has a higher charge density and occupies a 
larger volumci^ Interestingly, the change in $ begins to 
level off below about 50 K in Fig. 3b. Since SrTiOs is 
an incipient ferroelectric and is sensitive to the slightest 
strain perturbation, it is possible that we are observing 
the effects of an interface dipole emerging at low temper- 
aturesi^ A change in the dipole strength at the interface 
with temperature and an applied back gate will modify 
A£^c which can also change $. 

Capacitance measurements are an excellent tool for 
probing this latter notion. Fig. 4a shows CV measured 
between the metal electrode and electron gas at 10 K for 
a 30 u.c. sample. (Supplementary Section II, or SSII, 
provides details about the complex impedance analysis). 
The onset of Zener tunneling at negative biases coincides 
with a sharp drop in C, which is accompanied by a sharp 
drop in the complex phase angle: Figure 4b shows the 
phase angle, i5, of the complex impedance as a function 
of V at several temperatures. 5 is calculated to be exactly 
90° for a perfect capacitor, becoming less than 90° as the 



dielectric becomes more conducting (SSII). As seen here, 
the drop off to zero in 5{y) coincides with the sharp 
drop in CV and the onset of Zener tunneling. During 
Zener tunneling charge carriers are introduced into the 
LaAlOs conduction band and LaAlOa is no longer a good 
dielectric, behaving more like a resistor. When 5 = 90° 
however, the system behaves like a metal-insulator-metal 
tunnel junction. For samples thinner than 20 u.c, while 
we do observe a typical MOS capacitor depletion capac- 
itance at high enough negative bias, no corresponding 
drop in the complex phase angle is observed (SSII). 

Figures 4b to 4d provide a closer examination of the 
hystcretic behavior that appears below 100 K in both 
the CV and 5(y).— We find that the memory window 
defined by the hysteresis remains constant at AV^ = 
0.16 V for frequencies below the RC roll off when Vmax 
~ 0.8 V (Fig. 4b), and increases with decreasing tem- 
perature (Fig. 4c). The memory window also increases 
with increasing maximum applied voltage {Vmax m Fig. 
4d). The lack of a frequency dependence and decrease 
in hysteresis with increasing temperature rule out the 
role of interface traps which are more active at higher 
temperatures and have a characteristic time dependence 
associated with charging/dischargingi^ 

The data however compare well to the response mea- 
sured for metal-ferroelectric-insulator-metal or semicon- 
ductor (MFIM or MFIS) junctionSf^i^ Using the change 
in charge density for the high and low C values shown 
in Fig. 4a, wc obtain 18 nC/cm^ as an estimate of the 
remnant polarization for a maximum applied voltage of 
0.8 V. Since ferroelectric behavior in LaAlOa has never 
been observed or expected, any dipole switching can be 
attributed to a thin layer in SrTiOs near the interfacei^ 
This also suggests that the electron gas lies not exactly 
at the interface, but burricd one or a few monolayers 
within the SrTiOs. It can thus be argued that the large 
influx of charge carriers into the potential well at the on- 
set of Zener tunneling changes the local electric field and 
modifies the dipole strength. 

These observations support recent experimental evi- 
dence of an induced polarization with bound charges in 
addition to free charge near the interface in SrTiOa ^■L^ 
Furthermore, there is evidence from both X-Ray^ and 
TEM^S measurements that when LaAlOa with a 3% lat- 
tice mismatch is deposited on the (001) SrTiOs sub- 
strates, distortions in the TiOe octahcdra occur at the 
interface. It is also well known that biaxial strain as well 
as a strain gradient can induce ferroclcctrio24 and flexo- 
electrio^ polarizations in SrTiOs. The resulting bound 
charges would give rise to a finite electric field and con- 
fining potential at the interfacci^"— This is analogous to 
the mechanism that gives rise to a confined electron gas 
in wide band gap GaN based heterostructuresi^ 

Thus, in addition to polar LaAlOs, the weak polar- 
ity of the SrTiOa appears to play an important role in 
determining the electrostatic boundary conditions at the 
LaAlOs/SrTiOa interface. Theoretically, it was shown 
that depending on the termination layer, Ti02 or SrO, 



(001) bulk SrTiOs; which is iono-covalcnt and weakly po- 
lar, is expected to undergo weak electronic or structural 
reconstructions near the surface to avoid a diverging po- 
tential4S Very recently, it was shown that when polar 
LaAlOs overlayers are added to polar SrTiOs, the accu- 
mulation of screening charges is one means for ensuring 
conservation of the electric displacement vector across 
the LaAlOg/SrTiOa interface41 

To summarize, using capacitance and electron tun- 
neling measurements we have provided experimental 
evidence of a finite built-in electric field across polar 
LaAlOs. We have also shown evidence of a finite polar- 
ization and bound charge within SrTiOa, highlighting a 
unique property of this oxide substrate. These two results 
provide key insights to understand and design novel inter- 
faces in a controlled manner. Furthermore, built-in fields 
in large band gap polar insulators could potentially be 
exploited for applications such as reducing leakage cur- 
rent in transistors?^ achieving high power MOS capaci- 
tors and electron hole separation for enhancing built-in 
fields in pn junction diodeSfii etc. Essentially, a built-in 
field in singly terminated polar ionic insulators results 
from permanent dipoles while for non-polar doped semi- 
conductors physical separation of positive and negative 
free charge carriers gives the same effect. As semiconduc- 
tor device concepts achieve maturity, much of the same 
phenomenology can be translated to the complex oxides 
which offer many more degrees of freedom for exploration 
with applications perhaps not yet conceived. 



Methods 

The LaAlOa/SrTiOa samples were fabricated by epi- 
taxially depositing LaAlOs films on Ti02 terminated 



(001) SrTiOa substrates by pulsed laser deposition using 
a KrF laser. Before growth, the substrates were prean- 
nealed at 1223 K for 30 min in an oxygen environment 
of 0.67 mPa. Following this anneal the growth was per- 
formed at 1073 K in an oxygen pressure of 1.33 mPa, 
at a repetition rate of 2 Hz. The total laser energy was 
20 mJ, and the laser was imaged to a rectangular spot of 
area approximately 2.3 x 1.3 mm^ on the single crys- 
tal LaAlOs target using an afocal zoom stage. After 
growth, the samples were cooled to room temperature 
in an O2 pressure of 4 x 10^ Pa, with a one hour pause 
at 873 KJ^ Nine samples with LaAlOa thicknesses of 
5, 7, 10, 13, 15, 17, 20, 30 and 40 u.c. were deposited in 
this way. 



Several circular metallic electrodes with diameters 
ranging from 0.3 to 0.7 mm were thermally evaporated on 
each of the LaAlOs films using a shadow mask. Au was 
used for the 30 u.c. sample and Pt for all other samples. 
The backgate was thermally evaporated onto the 30 u.c. 
sample. Gold wire (0.0025" gauge) was manually bonded 
to the electrodes using silver epoxy and an Al wirebon- 
der was used to bond to the electron gas. The sam- 
ples were cooled in Quantum Design PPMS and MPMS 
systems. Tunneling measurements were conducted in 
Kashiwa, Gainesville and Berkeley, using various elec- 
trometers and source-measure units, all giving the same 
results. Capacitance measurements were also performed 
in all three locations using an HP 4284 LCR meter. For 
the back gate measurements, electric fields were applied 
in the following succession: kV/cm —5- negative fields 
— > positive fields. 
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Figure Legends 
Figure 1 

Built-in polarization across 

LaAlOs/SrTiOa tunnel junction diodes | a, 

Tunnel junctions are formed between thermally evap- 
orated circular metallic electrodes on LaAlOa and the 
electron gas, as described in Methods, b, JV curve 
measured at 10 K for a 20 u.c. sample compared to 
curves calculated within the direct and Zencr tunneling 
models as labeled, and described in SSI. c, J vs. 
LaAlOs thickness, dLAO, for all samples at V^ = -0.1 V 
showing a clear peak at 20 u.c. (7.56 nm). Calculated 
curves for direct tunneling (dark blue) and Zener 
tunneling (light blue) are labeled and shown. The inset 
provides a closer look at the negative bias region of JV 
for several thicknesses showing that J does not scale 
monotonically with thickness for a given V (see dotted 
line at y = -0.1 V). 



Figure 2 

Thickness dependent built-in potential and 
inter-band tunneling across polar LaAlOs | a, A 

schematic band diagram of the LaAlOa/SrTiOa interface 
at zero bias (black outline) showing the onset of Fowler- 
Nordheim tunneling for positive applied bias {+V, green 
outline) and, b, the onset of Zener tunneling at negative 
applied bias {—V, green outline) at a critical thickness 
across polar LaAlOs with a built-in electric field. 



Figure 3 

Tuning the tunneling current across LaAlOs by 
tuning the SrTiOa permittivity and charge den- 



sity I a, JV curves for a 20 u.c. LaAlOs sample are 
shown for several temperatures with theoretical fits to 
the direct tunneling model (black). The inset schemat- 
ically depicts how changes in the Fermi level with tem- 
perature or applied back-gate fields {Epi at 300 K and 
Ef2 at 10 K) affect the charge density in the SrTiOa po- 
tential well region and hence the barrier height $. b, 
Barrier heights extracted from fits to the direct tunnel- 
ing model for each of the JV curves shown in a. c, JV 
for a 30 u.c. LaAlOa at 50 K for several different posi- 
tive and negative applied SrTiOa back-gate fields, Ebg. 
The effect is much more pronounced for negative rather 
than positive biases, d, Each of the JV curves shown in 
c was also fit to the direct tunneling model. The bar- 
rier height increases linearly with increasingly negative 
backgate fields. 

Figure 4 



Capacitance measurements agree with JV while 
also revealing an induced dipole in SrTiOa | a, 

CV curves for a 30 u.c. sample measured at 10 K 
and 10 kHz is qualitatively similar to a metal-insulator- 
semiconductor (MIS) capacitor curve with a ferro- 
electric contribution, or a metal-insulator-ferroelectric- 
scmiconductor (MIPS) capacitor. The drop in CV oc- 
curs during the Zener tunneling regime when carriers are 
introduced into the LaAlOs conduction band, making it 
a leaky dielectric, b, The phase angle of the measured 
complex impedance as shown at several temperatures. A 
hysteresis appears near 100 K and increases with decreas- 
ing temperature, c, The hysteresis is frequency indepen- 
dent for frequencies below the RC roll-off limit, and d, 
the hysteresis window. AV, increases with the maximum 
applied voltage, Vmax, for a given sweep, b to d together 
qualitatively provide strong indications of dipole switch- 
ing at the interface in SrTiOa. 



